Abstract. Liver-specific microRNA-122 (miR-122) is involved in the replication of hepatitis C virus (HCV) and its potential as a target for antiviral intervention was recently assessed. However, the use of circulating miR-122 in the evaluation of liver function has never been reported. In the present study, changes of serum miRNA levels were first evaluated in acute human hepatotoxicity due to paraquat exposure. Serum samples were collected and analyzed using real-time reverse transcription PCR. The results showed a positive correlation between serum miR-122 and alanine aminotransferase, a clinical biomarker for liver function. Furthermore, serum miR-122 was assessed in patients with hepatitis B and hepatocarcinoma, resulting in distinct miR-122 profiles in these two closely related diseases. In addition to miR-122, another small RNA, U6 small nuclear RNA, was downregulated in hepatocarcinoma patients, suggesting its prognostic significance in this disease. Taken together, these lines of evidence indicate that serum miR-122 may provide a biomarker for diverse liver diseases and, more importantly, suggest that a combination of nucleic acid biomarkers may be used as a sensitive and specific index for discriminating closely related diseases.
Introduction
Liver damage, as in the forms of hepatocyte carcinoma, viral hepatitis, acute hepatotoxicity or chronic hepatic injury, is frequently encountered in the practice of medicine. Accumulating knowledge in this field led to the development of a panel of protein-based blood biomarkers, including alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), total bilirubin, direct bilirubin, total protein and albumin. Of these biomarkers, the blood ALT levels are the benchmark for liver function in clinical practice. Although liver malfunction is a common cause of elevated blood ALT levels, other factors impacting on this biomarker cannot be ignored. These effects occur mainly due to its extensive distribution in extrahepatic tissues, such as kidney, heart and skeletal muscle, which compromises its specificity in clinical practice. For example, patients with burns or muscle inflammation also show elevated blood ALT levels (1, 2) , and approximately one-third of hepatitis C virus (HCV)-infected patients have a normal ALT reading in the blood (3) .
Distinct from the distribution profile of ALT, a few liverspecific microRNAs (miRNAs), such as miR-122, have recently been characterized (4) (5) (6) . miRNAs are a type of small endogenous non-coding RNA. Although the biological functions of miRNAs have yet to be elucidated, they are frequently dysregulated in human tumors, and tissue levels of specific miRNAs have been shown to correlate well with the patholo gical development of a variety of cancer types (7, 8) . Furthermore, the latest finding of miRNA in the blood suggests the potential of miRNA-based blood biomarkers in cancer diagnosis (9, 10) .
A previous study (11) , using an acetaminophen-overdose liver injury model, determined miRNA expression profiles in mouse tissues and plasma. these authors found profound changes in the spectrum and expression levels of serum miRNAs in overdosed animals; certain miRNAs exhibited evident dose-and durationdependent alterations in the plasma, paralleling the changes of serum ALT levels and histological degeneration. Similar to the acetaminophen-overdose mouse model, acute pesticide poisoning in human occurs after a single exposure, and results in severe injury to the liver, kidney and nervous system. The majority of the pesticide poisoning cases in China are caused by N,N'-dimethyl-4,4'-bipyridinium dichloride, under the trade name of paraquat. Paraquat is one of the most widely used herbicides in the world. When ingested, it becomes highly toxic to mammals, including humans.
Thus, the aim of the present study was to characterize the behavior of serum miRNAs in paraquat-exposed individuals and evaluate their changes in acute human hepatotoxicity due to paraquat exposure.
Patients and methods
Human sample collection and ethics statement. The study was conducted according to the principles approved by the Ethics Review Boards of Zhejiang Cancer Hospital (Hangzhou, China), and the 307 Hospitals (Beijing, China). Written informed consent was provided for sample collection and subsequent analysis. In total, 101 serum samples were collected from 19 healthy individuals (controls), 36 paraquat-exposed individuals, 28 patients with hepatocarcinoma and 18 patients with hepatitis B and analyzed in the study. The serum was stored at -80˚C after samples collection.
Measurement of serum miRNA levels using quantitative RT-PCR. PCR primers and probes were from RiboBio (Guangzhou, China).
Quantitative real-time reverse transcription PCR was performed using serum. Briefly, 20-µl reverse transcriptase reactions containing 11 µl serum, 2 µl RT primer, 2 µl dNTP (10 µM each), 4 µl 5X First-strand buffer, 0.4 µl RNase inhibitor (40 U/µl) and 0.8 µl TIANScript M-MLV (2,000 U/l). For the reverse transcription, the mixture was incubated at 25˚C for 5 min, 42˚C for 50 min and, finally, at 95˚C for 5 min. Real-time PCR was then performed using an Eppendorf Mastercycler ep realplex system. The 25-µl PCR reaction included 2 µl RT product, 2.5 µl 10X HotMaster Taq Buffer, 0.5 µl dNTP (2.5 mM each), 1 µl SYBR-Green (Invitrogen), 0.5 µl miRNA forward primer (10 µM), 0.5 µl miRNA reverse primer (10 µM) and 0.15 µl HotMaster Taq DNA polymerase (2.5 U/µl) (Tiangen, China). The reactions were carried out at 95˚C for 10 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 1 min.
Statistical analysis. The data were analyzed using Pearson's correlation coefficient and were presented as the means ± SD. P< 0.01 was considered statistically significant.
Results
microRNAs assessed in the study. To characterize the behavior of serum miRNAs in paraquat-exposed individuals, four of the most regulated miRNAs identified in a mouse model were evaluated in human samples: miR-122, miR-192, miR-483 and miR-711. In the previous study of acetaminophen-overdosed mice (11) , the serum levels of miR-122 and miR-192 were markedly elevated by 474-and 80-fold, respectively, whereas the serum levels of miR-483 and miR-711 were decreased by 4-and 13-fold, respectively. Using quantitative real-time reverse transcription PCR (qRT-PCR), the serum levels of these miRNAs were first measured in 8 healthy individuals. Comparable serum levels of the four human miRNAs were identified in healthy individuals (Fig. 1) .
Serum microRNA behavior in paraquat-exposed individuals. The serum levels of the four miRNAs were measured in 8 paraquat-exposed individuals ( Fig. 2A) . Blood AST was included in the assay to indicate the degree of liver injury. In agreement with the acetaminophen-overdose study (11) , serum miR-122 was markedly elevated in the paraquat-exposed human samples. Of the 8 samples with ALT activity ranging from 447 to 1,960 U/l, parallel increases of serum miR-122 and ALT were found. In addition, the consistent downregulation of miR-483 and miR-711 occurred in human samples, as with the mouse study. This downregulation likely reflected the conservation of mammalian hepatotoxicity. However, miR-192, another upregulated miRNA in the mouse study, was downregulated by 1.6-to 7.6-fold in the human hepatotoxicity samples. Although the reason for this discrepancy is unclear, it may indicate an inter-species difference, or specific cell responses induced by the two different chemicals. Notably, the most profound changes in the miRNAs occurred in the sample with the highest ALT reading, indicating that they were associated with the degree of liver injury, at least to some extent.
Among the four miRNAs, miR-122 is the most promising biomarker candidate in that it is liver-specific. The disclosed association between serum miR-122 and ALT suggests its involvement in drug-induced acute hepatotoxicity in humans.
Elevation of serum miR-122 in paraquat-exposed individuals.
To better understand the behavior of circulating miR-122 in acute hepatotoxicity, daily sampling was performed on a paraquat-exposed patient during therapy. As expected, a correlation was found in the downregulation of serum miR-122 and ALT (Fig. 2B) . To corroborate this finding, a large-scale analysis was carried out with 36 paraquat-exposed samples. In addition to the consistent elevation of serum miR-122, a positive correlation between serum miR-122 and ALT was found in samples with ALT readings >600 U/l. Taken together, paraquat exposure led to a marked elevation of serum miR-122 levels, similar to the finding in the acetaminophen-overdosed mice. This evidence demonstrated that serum miR-122 levels correlate well with the status of liver function in acute drug-induced hepatotoxicity in humans. Although further investigation is required to understand the underlying mechanism, a correlation of serum miR-122 with high ALT levels showed that the miR-122 levels may be a real sign of substantial liver injury.
miR-122 profile in hepatitis B and hepatocarcinoma patients.
miRNA-122 is the most abundant miRNA species in the liver, accounting for ~70% of the total miRNA population, and is essential for cholesterol and lipid metabolism (12) (13) (14) (15) . Previous studies found that miR-122 is also crucial for the accumulation of HCV RNA in cultured liver cells, raising much interest in its role in viral intervention therapy (4) (5) (6) 13, 16) . To characterize the behavior of circulating miR-122 in patients with liver diseases, serum miR-122 levels were quantified in 18 individuals with hepatitis B and 28 with hepatocarcinoma ( Fig. 3A  and B) . The range of ALT levels was from 29 to 1,321 U/l in the hepatitis cases, and from 42 to 74 U/l. Serum miR-122 levels were determined by quantitative real-time RT-PCR. In contrast to the marked increase of serum miR-122 in hepatotoxicity cases, a milder elevation of miR-122 was found in hepatitis B cases, although the serum ALT for these cases was at a similar level. Approximately 40% of hepatitis patients showed a substantial downregulation of serum miR-122, whereas no apparent downregulation of miR-122 was found (C) Thirty-six paraquatexposed samples were divided into different ALT groups and the serum levels of miR-122 were quantified. The miR-122 levels (red) are indicated on the left vertical axis, and the ALT levels (black) are indicated on the right vertical axis. The experiments were repeated at least three times with two replicates in each assay. Data are expressed as the means ± SD.
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in hepatocarcinoma patients. Although the serum ALT in most hepatocarcinoma patients was within the normal range, a significant elevation of serum miR-122 was shown in 78% of patients, using a 1.5-fold increase as the cut-off. By contrast, only 50% of hepatitis patients showed upregulation (Fig. 3C) .
Downregulation of serum U6 snRNA in hepatocarcinoma patients. In addition to miR-122, a marked decrease of serum U6 small nuclear RNA (snRNA) levels was also found in hepatocarcinoma patients. Compared to the healthy controls, an average 5-fold decrease of serum U6 snRNA was found in the hepatocarcinoma, but not in the hepatitis patients (Fig. 3D ). U6 is a non-coding RNA component of U6 snRNP, a major effector molecule involved in RNA splicing. The sequence of U6 RNA is highly conserved across species from yeast to mammals (17) , and is frequently used as a housekeeping control in gene expression assays. Although the regulated expression of U6 snRNA was recently reported in 13 normal human tissues (18) , neither U6 snRNA nor circulating U6 snRNA have previously been associated with human carcinomas in published studies Therefore, the downregulation found in serum U6 snRNA in hepatocarcinoma patients provided the first evidence that this so-called housekeeping control may be involved in tumorigenesis and may be used as a specific tumor biomarker.
Discussion
Liver-specific mir-122 is known to be involved in replicating HCV. Moreover, characteristic small RNA profiles have been identified in diverse hepatic diseases. In the present study, changes of serum miRNA levels were evaluated in acute human hepatotoxicity due to paraquat exposure, to assess the use of circulating miR-122 in the liver function study.
Results of the present study showed that paraquat exposure led to a marked elevation of serum miR-122 levels, which was similar to the finding in the acetaminophen-overdosed mice. This finding shows that serum miR-122 levels correlate well with the status of liver function in acute drug-induced hepatotoxicity in humans. Additionally, while a marked elevation of the serum miR-122 levels was found in cases of acute drug-induced hepatotoxicity, the change of miR-122 was much milder in hepatitis and hepatocarcinoma patients. Despite differing extents, a general elevation of serum miR-122 confirmed the hepatocyte injury in these cases. In addition, a decrease of U6 snRNA in hepatocarcinoma patients showed that the serum levels of other small RNA species may also be regulated under specific physiological or pathological conditions. Although further studies are required to verify the clinical significance of miR-122, the distinct small RNA profiles revealed in diverse hepatic diseases make it possible to finely map the cause of liver injury, and lead us to speculate that a combination of small RNA biomarkers instead of a single biomarker may be more sensitive and specific than the current tests for discrimination of the status of liver function and injury.
Therefore, bearing in mind that a candidate approach rather than a systematic approach has been employed as well as the potential inter-species differences, the present study provides a starting point for the comprehensive profiling of miRNA changes in diverse hepatic diseases.
